The mammalian presenilin (PS) proteins mediate the posttranslational cleavage of several protein substrates, including amyloid precursor protein, Notch family members, and CD44, but they have also been suggested to function in diverse cellular processes, including calcium-dependent signaling and apoptosis. We carried out an integrative computational study of multiple genomic datasets, including RNA expression, protein interaction, and pathway analyses, which implicated PS proteins in Toll 
B cell ͉ computational biology ͉ gene targeting ͉ Toll-like receptor ͉ B cell antigen receptor (BCR) T he mammalian presenilin (PS) proteins PS1 and PS2 are members of the family of intramembrane-cleaving proteases (I-CLiPs) that mediate the regulated proteolysis of a diverse group of substrates including Notch family members, CD44, amyloid precursor protein and the N-and E-cadherins (1, 2) . In addition, PS proteins have been implicated in several additional cellular processes, including calcium-dependent signaling (3) (4) (5) . However, elucidation of PS functions in the immune system has been complicated by the perinatal lethality resulting from germ line inactivation of PS1 and the embryonic lethality of mice carrying germ line deletions in both PS1 and PS2 (6) (7) (8) . Analyses of PS2-deficient mice with reduced PS1 expression (PS1 ϩ/Ϫ PS2 Ϫ/Ϫ ) revealed age-associated myeloproliferative or autoimmune disease but no reported effects on lymphocyte development and function (9, 10) . We carried out a systems level integrative analysis based on computationally mining and integrating multiple genomic datasets including cap analysis gene expression (CAGE) and mRNA expression profiling, pathway analysis, and protein interaction maps that implicated PS proteins in signal transduction in the immune system, and we tested these predictions in murine B cells deficient in both PS1 and PS2.
Results

Integrative Computational Analysis of Whole-Genome Datasets Reveals a Role for PS Proteins in Toll-like Receptor (TLR)
Signaling. The development of integrative tools to analyze genomic datasets in the context of modular concepts (modular concept maps) or gene sets (gene set enrichment analysis) that share a common biological theme has facilitated insights into processes dysregulated in cancer and diabetes (11, 12) . In parallel, we have developed an analytical framework termed immune network maps (INPs) that integrates multiple data types to generate a network of relationships relevant to the immune system embedded in large-scale public genomic datasets (C.G. and R.J.X., unpublished data). We applied a general model of this approach to assist in the identification of pathway(s) relevant to PS proteins in the immune system.
We used a public compendium of mRNA profiles derived from exonic splicing arrays across 52 normal human tissue/cells types, identifying the expression of PS proteins in tissues of the immune system, including bone marrow, tonsil, and spleen ( Fig.  1A ) (13) . These results suggested that PS2 expression was overrepresented in the immune system and were further corroborated by analyzing the normalized expression patterns of PS1 and PS2 in murine B cell populations (14) [supporting information (SI) Fig. 6 ]. To place PS expression in a signaling pathway context, we next analyzed clustering results from the RIKEN CAGE tags, which measure murine expression levels of transcription start sites by using concatenated DNA tags from the initial Ϸ20 nt of transcript 5Ј ends. Hierarchical clustering of the normalized expression values of Ͼ1 ϫ 10 6 CAGE tags, representing the promoter activities of associated genes across 23 different tissues/cells under various conditions including LPS stimulation revealed 70 expression supermodules (15) . Among these modules was a set of 746 coregulated genes (module 64) preferentially expressed in cells of the immune system, which also harbored known microRNAs (e.g., miR-155 and miR-223) [ Fig. 1B (for full gene annotation, see SI Table 1) ]. This 746-gene set contained genes encoding proteins known to be important in innate immune signaling such as Tlr4, Nod2, Ncf1, and Myd88, as well as novel genes that unexpectedly included PS2. Because coregulation of microarray mRNA profiles often implies that members of a coregulated gene set share function(s), this 746-gene set based on CAGE clustering suggested a potential role for presenilin in TLR signaling (16) (17) (18) .
To ascertain rigorously whether the immune CAGE module was statistically enriched for specific processes or pathways in an unbiased manner, we analyzed the annotation of the 746-gene module in Gene Ontology (GO) biological process categories and participation in the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. Importantly, the CAGE signature exhibited significant enrichment in a number of GO biological processes (e.g., defense response P ϭ 1.09 ϫ 10 Ϫ18 ) and KEGG pathways (TLR signaling P ϭ 1.75 ϫ 10 Ϫ5 ; Fischer's exact test, Bonferroni-corrected), suggesting that coexpressed genes within this module, including the PS, are functionally related to TLR signaling pathways (Fig. 1C) (for results of full analyses of GO biological processes and KEGG pathways, see SI Tables 2 and 3 ) (19) ; consistent with this hypothesis, the analysis of 10 different CAGE promoter expression clusters failed to reveal additional modules enriched in TLR signaling pathway(s). We also projected the human orthologs of these genes (n ϭ 697) onto an independent set of microarray expression profiles composed of 79 human tissues/cell types. Using a Wilcoxon rank sum statistic, we observed that a significant fraction of these human orthologs (58.5%) was also expressed preferentially in the immune system (20) (P Ͻ 0.05; SI Fig. 7 and SI Tables 1 and 4), thereby providing cross-validation for the murine 746-gene module harboring the TLR CAGE signature.
As an additional computational strategy to elucidate potential connections of PS with immune signaling proteins, we created an human immune protein-protein interaction network based on GO annotation by requiring that every protein in the network be annotated as either immune response (GO:0006955) or NF-B cascade (GO:0007249) and harnessing the BIND database, which includes protein-protein interactions from the literature and multiple large-scale interactomes. This approach yielded an immune-anchored network consisting of 341 nodes with 261 connections (Fig. 1D and SI Table 5 ). Next, we extended this NF-B/immune response network by one degree of freedom, identifying proteins that interacted with the immune/NF-B node without any GO annotation restrictions, allowing us to capture proteins not annotated as immune-related but that via their protein-protein interactions may have undiscovered roles in immune processes. Notably, this analysis revealed described interactions in the nervous system of the Huntingtin (HD) protein with caspase-1 (21, 22) and with p50 (23) (Fig. 1D ) in the context of potential function in the immune system. Our analysis also revealed a connection of PS1 and caspase-1 (GO:0007249), a central component of the inflammasome activated by innate immune signaling (24) . Taken together, in this system, the level integration of orthogonal data ranging from CAGE coregulation to protein-protein interaction network with pathway analysis indicates a role for PS in TLR-mediated signaling.
Generation of B Cells Deficient in PS1 and PS2. Testing these predictions was complicated by the perinatal lethality observed upon germ line targeting of PS1 and the embryonic lethal phenotype observed in germ line PS1/PS2 double knockouts (6) (7) (8) . Consequently, we used a conditional allele of PS1 (25) crossed into a germ line PS2 Ϫ/Ϫ background (6), with PS1 inactivation in the B cell lineage resulting from the expression of the Cre recombinase under the control of CD19 control sequences (26) . We used semiquantitative PCR on magnetic bead-purified splenic B cells from such CD19-Cre/PS1 flox/flox / PS2 Ϫ/Ϫ mice and observed 75-85% deletion of the conditional PS1 allele (SI Fig. 8 ).
Perturbed Development and an Unanticipated Defect in Mitogenic
Proliferation in PS-Deficient B Cells. In B cells deficient in either PS1 or PS2, development appeared unperturbed; however, in CD19-Cre/PS1
flox/flox /PS2 Ϫ/Ϫ mice lacking both PS1 and PS2 function in B cells, development of the marginal zone and T2 transitional B cell compartments in the spleen was selectively impaired relative to follicular and T1 cell populations ( Fig. 2 and SI Fig. 9 ). We did not observe altered development of B cell precursors in the bone marrow, although the extent of PS1 deletion in this compartment was significantly lower (Ϸ40-50%) than in B cells from peripheral lymphoid tissues (data not shown).
We then assessed functional properties of B cells lacking PS1 and PS2 function. We measured the dilution of 5-or 6-(Nsuccinimidyloxycarbonyl)-3Ј,6Ј-O,OЈ-diacetylf luorescein (CFSE) fluorescence as an indicator of cell division after treatment of B cells from PS1-deficient, PS2-deficient, or both PS1-and PS2-deficient backgrounds with either anti-IgM antibodies or with LPS. After anti-IgM treatment, proliferation was decreased relative to control in PS1-deficient and PS2-deficient B cells but was markedly defective in PS1/PS2-double-deficient B cells. Upon LPS treatment, we observed preserved but decreased proliferation relative to control for both PS1-deficient and PS2-deficient B cells but absent cell division in B cells lacking both PS1 and PS2 (Fig. 3) . Taken together, these data suggest that PS function is necessary for B cell proliferation to mitogenic stimuli.
Defective B Cell Antigen Receptor (BCR)-and TLR4-Mediated Signaling
in PS-Deficient B Cells. The defect in proliferation mediated by anti-IgM or LPS suggested that signal transduction events downstream of the BCR or TLR4 were defective in the setting of PS deficiency. Accordingly, we assessed the phosphorylation of the nonreceptor tyrosine kinase Syk after BCR engagement with anti-IgM and of the p38 MAP kinase after LPS stimulation via TLR4 by using antibodies recognizing phosphorylated forms of these kinases. Notably, both Syk and p38 phosphorylation were reduced compared with control in B cells lacking either PS1 or PS2 but were markedly defective in cells lacking both PS1 and PS2 (Fig. 4 A and B) .
To evaluate the basis for the proliferative and signaling defect observed in double-deficient PS1/PS2 B cells, we measured changes in intracellular calcium resulting from anti-IgM treatment. Such calcium flux was diminished relative to control in B cells deficient in either PS1 or PS2 but was markedly affected in cells lacking both PS1 and PS2. Although PS1/PS2-doubledeficient B cells have the capacity to increase intracellular calcium, as evidenced by calcium flux observed in response to ionomycin treatment, the ionomycin-mediated increase in intracellular calcium was consistently lower in such cells compared with PS1-deficient, PS2-deficient, or control B cells (Fig. 4C) .
The disruption in early signal transduction events and impaired proliferation we observed downstream of the BCR and TLR4 led us to evaluate the activation of apoptosis in PSdeficient B cells by detecting caspase activation with a flow cytometry-based assay. We observed increased levels of caspase activation after both LPS and anti-IgM stimulation in cells deficient in either PS1 or PS2, particularly after anti-IgM treatment (Fig. 5) . However, increased levels of activated caspases were observed after stimulation with either mitogenic agent in B cells deficient in both PS1 and PS2, suggesting that alterations in B cell activation resulting from PS deficiency result in activation of proapoptotic pathways. 
Discussion
The requirement for PS-mediated cleavage in activation of Notch family proteins predicted that inactivation of PS1 and PS2 in the B cell lineage would result in phenotypes overlapping with those associated with targeted deletion of Notch family members. Accordingly, we observed defective marginal zone and T2 B cell development in PS-deficient B cells, reminiscent of observations in Notch2-deficient and RBP-J-deficient B cells (27) (28) (29) . However, the defects in signaling we have observed in PS-deficient B cells are likely to be independent of defects in Notch activation because both LPS-mediated proliferation and anti-IgM-mediated calcium flux were normal in B cells lacking RBP-J, a crucial intermediate implicated in Notch signaling (28) . Taken together, our findings are consistent with a fundamental, unanticipated role for PS proteins in B cell signal transduction.
We also observed varying degrees of decreased proliferation and signal transduction in B cells lacking either PS1 or PS2. For example, proliferative responses to anti-IgM were significantly reduced relative to control for PS1-or PS2-deficient B cells; by contrast, in such single-deficient cells LPS-induced proliferation was reduced but relatively preserved compared with control. Although we note that these observations result from a substantial, but incomplete Cre recombinase-mediated deletion of PS1, these findings nonetheless suggest that the two mammalian PS proteins may have differential functions in mitogenic B cell proliferation. Notably, it appears that PS1 and PS2 have redundant functions downstream of LPS-mediated but not BCRmediated proliferation. Whether the nonredundant functions of PS1 and PS2 downstream of BCR-induced proliferation reflect an epistatic relationship, complex formation, or parallel signaling pathways remains to be determined.
Our results are consistent with the notion that PSs have dual functions as I-CLiPs and as proteins critical for calciumdependent signaling. Whether these functions are independent or interrelated remains to be determined; however, it is worth noting that I-CLiP-deficient mutants of PS1 or PS2 were nonetheless able to complement the calcium flux defect in PSdeficient fibroblasts (5) . Such fibroblasts had abnormally elevated calcium flux, which was rescued by ectopic PS expression, in contrast to the essential absence of intracellular calcium flux in response to anti-IgM we observed in PS-deficient B cells. Consequently, it is conceivable that PS function in calcium signaling may be distinct in different cell types. Notably, our observation of persistent decreases in intracellular calcium mobilization even to a calcium ionophore such as ionomycin also suggests a role for PS1 and/or PS2 as a potential component of the cellular calcium channel machinery mediating calcium flux in response to mitogenic signals in B cells. Our findings suggest that alterations in PS function, such as in the setting of pharmacologic inhibition of PS activity, could have consequences not only in the central nervous system but also for host defense as well.
Methods
Computational Analysis. CAGE analysis. We downloaded from the CAGE website (http://gerg01.gsc.riken.jp/exprtree/mm5) cluster ID 64 among 70 clusters based on hierarchical clustering of 159,075 CAGE tag clusters across 23 tissue/ cell type conditions. Cluster 64 contains contained 979 cluster tag IDs associated with the 5Ј ends of genes that are expressed in immune cells such as macrophages both at baseline and upon activation with TLR ligands such as LPS and CpG. These 979 clusters mapped to 746 mouse genes with unique Entrez gene identifiers after considering presumed alternative 5Ј promoters, cluster IDs not associated with a definitive protein-encoding gene, clusters mapping to known microRNAs such as miR-155 and miR-223 and other potential noncoding RNAs (SI Table 1 ). Pathway/GO enrichment analysis. To examine pathways or biological processes in the immune CAGE promoter cluster (cluster 64) composed of 746 unique genes, we used the DAVID 2.0 program to compute enrichments of both the GO biological processes and KEGG pathways by using Fischer's exact probability with Bonferroni corrections, thereby identifying functional categories overrepresented in a gene list relative to the representation within the proteome of a given species (http://david.niaid.nih.gov/david/version2/ index.htm) (19, 30) . Protein-protein interaction analysis. To derive protein-protein interaction networks on proteins annotated as either immune response (GO:0006955) and/or NF-B cascade-related (GO:0007249), we used the BIND database (http:// bond.unleashedinformatics.com) coupled with filtering algorithms to identify all interactions for human proteins with either of these GO ontologies and generated a base network of 341 nodes (proteins) and 261 connections (edges). We required that the experimental evidence for interaction be based on yeast two-hybrid screens, coimmunoprecipitation, affinity chromatography, or be part of part of mass spectrometry complexes (predicted complexes based on structural information were not included in the analysis). We used Cytoscape software to build the interaction map. Next, for each of the 341 nodes in the base network, the BIND data repository was also queried to identify protein interactions independent of GO ontology. The goal was to generate a first-order interaction map seeded with the immune response and NF-B cascade network. We present the base map for simplicity purposes only (SI Table 5 ). A complete higher interaction map will presented elsewhere as part of a flexible analytical platform termed INPs that incorporates hundreds of datasets (C.G. and R.J.X., unpublished data). Microarray analysis. To cross-validate that the 746 gene module (ID ϭ 64) identified in the mouse CAGE promoter analysis was enriched in genes expressed in the immune system in a larger dataset, we analyzed the human orthologs (defined by reciprocal best hit) of these 746 genes across a compendium of human 79 tissues/cells profiled by microarray technology. The public version of the GNF human expression atlas version2 (20) was obtained from Novartis (http://wombat.gnf.org), including the primary.cel files, which used the U133a Affymetrix chip and a custom chip (GNF1H). The dataset contains the expression values of 33,690 probes reflecting normalization of each array to a set of 100 housekeeping genes common to both the U133a and custom GNF1H array. Subsequently, global median scaling across the arrays was performed, yielding expression values across samples for each probe set. The absent/present calls were analyzed, and probe sets with 100% absent calls across all 79 human tissues were not included in the analysis. The dataset was further filtered by requiring that a probe set have a threshold value Ͼ20 in at least one sample and a maximum-minimum expression value Ͼ100. A total of 28,852 reliable probes met the above filtering criteria. For each U133a probe set meeting the above criteria, its corresponding UniGene ID and LocusLink ID were identified based on the combined annotation tables provided at the http://wombat.gnf.org and NetAffyx websites (http://www.affymetrix.com). For the custom GNF1H chip, the mRNA/EST used to design the probe set was blasted against the exemplar sequences of the UniGene database (Build 116). Of the 28,852 probe sets, 26,789 mapped to 16,811 UniGene IDs. To represent the human expression profiles of mouse CAGE orthologs, hierarchical clustering with the centroid linkage method was performed by using DCHIP (31) with 1 Ϫ r as the distance metric, where r is the Pearson correlation coefficient, with relative expression levels displayed. From the murine 746 gene set from the CAGE coexpression cluster, we identified at least one probe for 652 of the 697 human orthologs that met our filtering criteria either the U133a or custom GNF1H arrays, as well as the default filtering criteria of DCHIP. Heat maps of hierarchical clustering of tissue expression and correlation values are based on a single-probe set per gene chosen at random so as to not bias the visual presentation. To ascertain whether any individual human orthologs of the 652 CAGE genes were enriched in the immune system in the normal tissue/cell compendium, we used the Wilcoxon rank sum test. To calculate the Wilcoxon statistic, we divided the 79 tissue/cell types into those of immune system origin (n ϭ 22) and those that are not part of the immune system (n ϭ 57), making two sample classes. The P values from the Wilcoxon test for each human ortholog probe of the mouse CAGE cluster were then calculated. Significant thresholds after multiple hypothesis testing were established by multiplying the Wilcoxon P value by the number of genes tested (Bonferroni correction). As shown in SI Fig. 7 , the majority of CAGE genes not only clustered in immune cells but also were statistically enriched in expression compared with other tissues as denoted by a Wilcoxon score of P Ͻ 0.05 and identified by a tick mark on the left side of the heat map (SI Table 4 ).
Mice. Mice carrying a floxed PS1 allele (25) and with germ line inactivation of PS2 (6) were crossed with CD19-Cre mice generously provided by K. Rajewsky (26) . All mice were maintained under specific-pathogen free conditions. To facilitate analyses in experiments with littermate controls, CD19-Cre PS1 flox/ϩ PS2 ϩ/Ϫ mice were used as control mice, and CD19-Cre Proliferation Assay. Splenic B cells isolated as described above were loaded with CFSE (Molecular Probes) in PBS to a final concentration of 2 M, washed, and treated with anti-IgM F(abЈ) 2 (5 g/ml) or LPS (20 g/ml). The CFSE content of B220-gated cells was determined by flow cytometry after 4 days in culture.
Analysis of Calcium Mobilization. Splenocytes (2 ϫ 10 6 /ml) were loaded with 1-[2-amino-5-(2,7-dichloro-6-hydroxy-3-oxo-9-xanthenyl)phenoxy]-2-(2-amino-5-methylphenoxy)ethane-N,N,NЈ,NЈ-tetraacetic acid, pentaacetoxymethyl ester (Fluo3-AM) (Molecular Probes) (final concentration 10 M) at 37°C for 40 min and stained with APC-conjugated anti-B220 antibody. After washing, cells were resuspended in calcium-free PBS before treatment with 10 g/ml F(abЈ)2 anti-IgM. After 270 s, ionomycin (Sigma-Aldrich) was added to each sample (final concentration, 10 M).
Phosphorylation Analysis. Splenocytes (2.5 ϫ 10 6 ) were resuspended in 1 ml of PBS and preincubated at 37°C for 10 min. A control aliquot of 5 ϫ 10 5 cells was removed, and the remaining cells were stimulated with 10 g/ml F(abЈ)2 anti-IgM or 20 g/ml LPS. Aliquots of 5 ϫ 10 5 cells were removed at 1, 5, and 15 min after stimulation, fixed, and permeabilized before the addition of anti-phosphospecific-Syk (I120 -722) or anti-phosphospecific-p38 antibodies (clone 36) and APC-conjugated anti-B220 antibodies (all from PharMingen) for 1 h in the dark, followed by analysis by flow cytometry.
Apoptosis Assay. Purified splenic B cells were incubated at 1 ϫ 10 6 cells per ml and treated with either 3 g/ml F(abЈ)2 anti-IgM (Jackson ImmunoResearch) or 12.5 g/ml LPS (Sigma) for 5 h. Caspase activation reflecting apoptosis was quantified by using a fluorescein-labeled VAD-FMK reagent (CaspGLOW; BioVision Research Products) and gating on B220 ϩ cells.
Note Added in Proof. Recently, Laky and Fowlkes (32) employed a CD4-Cre transgene to evaluate presenilin-deficient T lineage cells and observed alterations in T cell development and impaired T cell receptor signaling.
